The disparity between the rates of breast cancer in industrialized and less-industrialized regions has led to many hypotheses, including the theory that exposure to light-at-night and/or electromagnetic fields (EMF) may suppress melatonin and that reduced melatonin may increase the risk of breast cancer. In this comprehensive review we consider strengths and weaknesses of more than 35 residential and occupational epidemiologic studies that investigated the association between EMF and breast cancer. Although most of the epidemiologic data do not provide strong support for an association between EMF and breast cancer, because of the limited statistical power as well as the possibility of misclassification and bias present in much of the existing data, it is not possible to rule out a relationship between EMF and breast cancer. We make several specific recommendations for future studies carefully designed to test the melatonin-breast cancer and EMF-breast cancer hypotheses. Future study designs should have sufficient statistical power to detect small to moderate associations; include comprehensive exposure assessments that estimate residential and occupational exposures, including shift work; focus on a relevant time period; control for known breast cancer risks; and pay careful attention to menopausal and estrogen receptor status. -Environ Health Perspect 107(Suppl 1):145-154 (1999). http.//ehpnetl.niehs.nih.gov/docs/1999/Suppl-1/145-154kheifets/abstract.html
rhythm. Production of melatonin is low in the daylight hours and increases during the night. Exposure to light-at-night can suppress, delay, or interrupt the nightly synthesis of melatonin, which in turn may influence behavior, mood, hormone levels, or immune function. Most of the epidemiologic studies to date have used exposure to EMF as a proxy measure for increased exposure to light-at-night. Stevens' (1) hypothesis of the possible effects of melatonin suppression by EMF or light-atnight has provided a useful framework for considering how EMF could affect breast cancer risk. According to Stevens (1) , EMF or light-at-night and its effect on melatonin may affect the risk for breast cancer in three ways. First, if melatonin suppresses reproductive hormones such as estrogen, melatonin suppression could allow estrogen levels to rise, stimulating growth in breast tissue and estrogenresponsive breast cancers. Second, if melatonin suppresses breast cancer cell growth directly, reduction in melatonin could allow breast cancers to grow more rapidly. Third, if melatonin boosts immune function, melatonin suppression could compromise the immune system's ability to control cell transformation. This paper reviews the epidemiologic literature that has investigated the association between EMF and breast cancer. Studies investigating the risk of breast cancer associated with residential EMF exposure, electric blanket use, and occupational exposure to EMF are included. Only English-language studies published in scientific peer reviewed journals are included in this review. Studies were identified through extensive literature searches and suggestions from experts in the field.
Epidemiology of Breast Cancer
Breast cancer is the most commonly occurring malignancy in American women, representing approximately 32% of all female cancers in the United States (2, 3) . Among cancers, the mortality rate for female breast cancer is second only to that of lung cancer. In the United States in 1995 there were an estimated 182,000 new cases and 46,000 deaths due to breast cancer (2) . It is expected that 1 of 8 females will develop breast cancer in her lifetime (2, 4) . The incidence of breast cancer increased in the 1980s, especially from 1980 to 1987 but has since leveled off ( Figure 1 ) (5, 6) . Incidence rates are highest among white women for postmenopausal breast cancer and highest among black women for premenopausal cancer. Mortality from breast cancer has been steady over the past 2 decades with similar rates for whites and blacks, though recently mortality among blacks has been slightly higher than mortality among whites (2, 7) . Breast cancer rates are highest in North America and northern Europe and lowest in Asia and Africa, though there is evidence that rates are increasing in several Asian and central European countries (2, 8, 9) . Male breast cancer is rare, occurring in approximately 900 men each year in the United States (2) .
There are several established risk factors for breast cancer in females (2, 5, 8, (10) (11) (12) (13) (2, 8, 14, 15) . Several reproductive characteristics change with urbanization and are likely to be responsible for at least some of the abovementioned differences in rates (16) . In addition, many other risk factors that relate to the degree of urbanization must be considered potential explanations for the international variation in rates. These factors include breast-feeding, long-term use of oral contraceptives, use of estrogen replacement therapy, use of diethylstilbestrol during pregnancy, alcohol consumption, and physical activity level. Finally, environmental and occupational exposure to chemicals such as organochlorines and related pesticides, polycyclic aromatic hydrocarbons including those from cigarette smoking, and other exposures have been suggested as potential causes (17) (18) (19) . Presently, little is known definitively about environmentally induced breast cancer, about reasons for the observed worldwide increases in breast cancer incidence, or about reasons for the international variation in rates.
Even less is known about the risk factors for male breast cancer, although it is thought that there are both environmental and genetic components including obesity, family history, and endocrine factors (3, 20) .
Residential Studies Proximity to Power Lines
Several studies have investigated the effect of residential EMF exposure, usually defined in terms of proximity to power lines, and the risk of adult cancers, including breast cancer. Of the studies that have addressed the risk of breast cancer and residential exposure to EMF, only the first study (21, 22) showed an effect (Table 1) . Wertheimer and Leeper (21, 22) found an association between high-current electric wiring configuration (HCC) and breast cancer in a case-control study conducted In a population-based case-control study from Sweden, Feychting et al. (27) also investigated the effects of exposure to EMF and risk of breast cancer. Women living in a single-family residence within 300 m of a 220-or 400-ky power line for at least 1 year between 1960 and 1985 were eligible for the study. Cases were identified through linkage with the Swedish National Cancer Registry. A total of 699 female cases and 699 age-matched controls were included in the analysis. Feychting et al. (27) observed no overall increase in the risk of female breast cancer associated with increased estimate of EMF exposure. This result did not change when adjusted for socioeconomic status (SES). Although there was an increased risk associated with the highest exposure group for women younger than 50 years of age (OR= 1.8, 95% CI = 0.7-4.3), the number of cases was small (n= 15) and the CI was wide. This result was more pronounced for estrogen-receptor-positive cases, but again, the numbers were limited.
Because breast cancer is rare in males, there were not enough data in these studies to examine an association in males. Even for females most studies did not have enough power to detect a small to moderate association (28) . Feychting et al. (27) reported an elevation in risk with residential exposure, but the results were not significant and were based on only nine cases of male breast cancer (OR= 2.1, 95 % Cl = 0.3-14.1).
Electric Blanket Use
The use of electric blankets has been examined as a risk factor for breast cancer because of the potential for prolonged exposure to increased EMF. There has been limited investigation of the use of electric blankets and the risk of breast cancer in women. In 1991 Vena et al. (29) published data from a case-control study of Following a suggestion by Stevens (31) , the authors combined the data from the premenopausal and postmenopausal women and reanalyzed the data (32) ( Table 2) . Although there was a significantly increased risk of breast cancer associated with some use of an electric blanket through the night in the previous 10 years (OR = 1.5, CI = 1.1-1.9), there was no evidence of a dose-response effect. In fact the OR was not as elevated and the confidence interval included the null value in the highest exposure category; that is, for those who used the blankets in the cool seasons and continuously through the night for 10 years the OR= 1.2 with CI = 0.8-1.9.
In a larger, more recent, population based case-control study, Gammon et al. (33) reported that ever using electric blankets, mattress pads, or heated water beds did not increase the risk of breast cancer among premenopausal (OR= 1.0, CI= 0.8-1.2) or postmenopausal women (OR= 1.1, CI = 0.8-1.5). This study included 2202 women younger than 55 years of age with incident cases of breast cancer between 1990 and 1993 in three geographic regions of the United States (Atlanta, Georgia; New Jersey; and Washington State). There were 2009 controls that were frequency matched to cases by 5-year age group and geographic area. However, the New Jersey and Washington State study sites included only women younger than 45 years of age. The data for postmenopausal women are based on the women in Atlanta only, which included women up to 55 years of age. Although EMF exposure was not a primary focus of this study, all women were asked about their use of electric blankets. Gammon et al. (33) (34) (35) (36) (Table 3) . Two of the studies were large cohorts based in England and Denmark with limited exposure assessment (exposure was based on job titles alone) (35, 36 Of all the studies of EMF exposure and female breast cancer, case-control studies of occupational exposure are the most suggestive. Although it could be argued that cohort studies conducted to date did not have sufficient power, case-control studies have problems of their own: the most severe problem is the lack of even rudimentary exposure assessment. Other methodologic issues include the use of death certificate data and the lack of information on potential confounders.
Male Breast Cancer Table 4 shows the results from both cohort and case-control studies of EMF and male breast cancer (35, 36, (42) (43) (44) (45) (46) (47) (48) (49) (50) (51) . Several of the large occupational studies of EMF and adult cancer in males could not be included because there were insufficient details and too few cases (52-61).
Most of the cohort studies show no effect of electrical occupations on the risk for male breast cancer. However, in a study in Norway in 1992, Tynes et al. (46) reported an increased risk among electrical workers (SIR= 2.1, CI = 1.1-3.6). Floderus et al. (47) reported an increased risk among Swedish railway workers in 1961 to 1969 (OR= 4.3, CI= 1.6-11.8) but not in the 1970 to 1979 time period.
Like the cohort studies, most of the case-control studies among men show no effect of electrical occupations on risk for breast cancer. However, in a large study from the United States, Demers et al. (48) reported an increased risk of breast cancer among workers in occupations with potential EMF exposure (OR= 1.9, CI = 1.0-3.7). In the large, more recent, wellconducted studies of electrical workers (61, 49, 50) , there was no excess of male breast cancer. However, even in large occupational studies using thousands of workers, it is difficult to ascertain sufficient cases of breast cancer among men to investigate the relationship between EMF and male breast cancer.
Dose-Response Relationships
Most of the studies of EMF and breast cancer have categorized EMF exposure into a reference group and one level of exposure. Thus, there are few data on the possible dose-response effect of EMF on breast cancer risk. In the two most recent studies of residential proximity to power lines, both Li et al. (26) and Feychting et al. (27) report higher relative risks among those with the highest exposure levels.
However, in both cases the confidence intervals are wide and overlapping and include the null value. There appeared to be no clear dose-response effect in the studies of electric blanket use. Five of the occupational studies provided data on at least two levels of potential EMF exposure (Figure 2) (37,39,41,48,51 ). Only two of Ah to be influenced by exposure to EMF compared to postmenopausal women. Alternatively, if melatonin acts on circulating estrogen levels, its affect may be more important to postmenopausal women whose endogenous levels of estrogen are low compared to those of premenopausal women. For example, obesity is a risk factor for postmenopausal breast cancer because it is thought that the conversion of estrogen in adipose tissue is more important to the postmenopausal woman whose endogenous estrogen levels are low (2). Finally, a direct effect of melatonin suppression on breast cancer growth or a generalized immune effect would not necessarily suggest a difference in risk between pre-and postmenopausal breast cancers associated with EMF or light-at-night.
Although most studies did not separate pre-and postmenopausal breast cancers, five studies considered the effect of menopausal status. In most of these studies the pre-or perimenopausal women were at somewhat higher risk for breast cancer as compared to postmenopausal women (Figure 3) . The Tynes et al. (37) study was the only study to conclude that postmenopausal women were at increased risk for breast cancer compared to premenopausal women. It is important to note that the Tynes et al. (37) study based the menopausal status on age alone and was the only study of shift work, which might be a better proxy for light-at-night than EMF.
Discussion
Evidence from epidemiologic studies on EMF and breast cancer is inconsistent.
Most of these studies were not designed to specifically address this hypothesis and thus provide a limited test of it. Small numbers, rudimentary exposure assessment, and lack of information on other factors are among the most important limitations of studies to date. In addition there are other potential explanations for the differences in breast cancer rates between industrialized and nonindustrialized regions including differences in diet, alcohol consumption, contraceptive use, physical activity patterns, reproductive behaviors, and exposures to chemicals. In the studies of residential proximity to power lines, there is little evidence to support an association between EMF and female breast cancer risk. Among the few residential exposure studies that have been done, the definition of exposure to high residential EMF exposure has varied from those living within 50 to 500 m of transmission lines to those who live in homes near HCC. It is not possible to determine whether the discrepant results between the studies were due to chance or whether better exposure measurement would make a real effect of EMF (or lack of an effect) more apparent.
The ability to detect an association between wire codes and breast cancer could be influenced by the confounding effect of some other factor associated with distance from the power lines and breast cancer. Common correlates of urbanization and wire codes include traffic density and SES. There is no known association between traffic density and breast cancer; thus it is not considered a potential confounder. On the other hand, SES has been associated with both increased distance from power lines and increased risk of breast cancer. However, all of the studies that investigated the association between residential proximity to power lines and breast cancer controlled for SES (21, 23, (26) (27) , with the exception of the study by Schreiber et al. (24) . Interestingly, the Schreiber et al. (24) study reported a higher association between increased distance from the power lines and breast cancer.
In the limited studies of the effect of electric blanket use and female breast cancer, the evidence does not support an effect of EMF on breast cancer risk and does not provide evidence of a doseresponse relationship. However, investigators initially thought that the use of electric blankets would lead to higher exposures than actually exist. Careful studies of electric blankets and pregnancy outcomes that included measurements demonstrated that exposures to EMF from electric blankets were not as high as previously thought (62, 63) . Thus studies that categorize exposure based solely on questions regarding blanket use are subject to large and potentially differential misclassification.
No study thus far has considered the effect of all possible residential exposures to EMF-including exposure to appliances, electric blankets, and power lines-and occupational exposures on the risk for breast cancer.
Among the occupational studies, the data are limited for women because of the relatively few women in electrical occupations on which these studies are focused. These limited data do not support the association between EMF and female breast cancer. The exceptions are the Loomis et al. (38) study, which showed an effect overall and in peri-menopausal women, and the Coogan et al. (41) There is some evidence that melatonin suppresses mammary tumorigenesis (67, 68) . Other studies have shown that melatonin can inhibit estrogen-induced proliferation of human breast cancer cells in vitro (69) . Similarly, early human laboratory studies showed magnetic field melatonin suppression among individuals with low melatonin levels (66) . These findings were not confirmed in a similar study with a stronger experimental design. Kaune et al. (70) investigated whether exposure to magnetic fields and/or light-at-night is associated with melatonin suppression. Relatively small suppression (10%) by magnetic fields was seen among women using medications that might suppress melatonin. Given the large natural variability in melatonin levels among individuals (. 5-fold), the health consequences of small melatonin reductions are unclear. Nevertheless, this finding needs to be replicated because it represents an important step in Stevens' (1) hypothesis. Finally, in a study by Hahn (71) , women who had profound bilateral blindness, and were thus not sensitive to the effects of light-at-night on melatonin levels, were at decreased risk for breast cancer compared to sighted women. Thus Although most of the epidemiologic data do not provide strong support for an association between EMF and breast cancer, because of the limited statistical power as well as the possibility of misclassification and bias present in much of the existing data, it is not possible to rule out a relationship between EMF and breast cancer. Given the ubiquitous nature of EMF exposure and the high incidence of breast cancer, even a small risk will potentially have a substantial public health impact. Carefully designed studies that specifically test the hypothesis set forth by Stevens (1) are warranted.
